Abstract. Gastric cancer is one of the most common malignant tumors and the second cause of cancer-related deaths worldwide. Naphthoquinones such as juglone and plumbagin are compounds used extensively to overcome resistance to chemotherapeutic agents in cancers due to their cytotoxic role. This study is the first to investigate the anti-cancer effect of naphthazarin (Naph), one of the naphthaquinones, in human gastric cancer AGS cells. We showed that Naph exhibited effective preferential cell growth inhibition via G2/M phase arrest and apoptosis, which was associated with reduced levels of Cdc2 and Cdc25C expression. Naph also increased cleaved caspase-3 and Poly ADR(adenosine diphosphate ribose) Polymerase expression, γ-H2AX expression (an indicator of DNA double strand breaks) and DNA fragmentation. We also found the generation of reactive oxygen species is a critical mediator in Naph-induced cell growth inhibition and apoptosis. The non-protein antioxidant, glutathione significantly abolished Naph-mediated inhibition of cell growth and apoptosis. Taken together, our findings showed that Naph not only inhibited cell growth, but also induced apoptosis of AGS cells, suggesting that Naph may be a potential candidate for cancer therapy against gastric cancers.
Introduction
Gastric cancer is one of the most common malignant tumors and the second cause of cancer-related deaths worldwide (1, 2) . Chemotherapy for gastric cancer has been well developed, but a globally accepted standard chemotherapy and optical regimens have not yet been determined. Therefore, many studies have been undertaken to find and develop novel chemotherapeutic agents for gastric cancer.
Naphthoquinones such as juglone (JU) and plumbagin (PL) are found in plants as they are thought to be present as a defense mechanism due to their cytotoxicity. They are also used extensively in studies investigating oxidative stress. Substantial evidence has showed that naphthaquinones exert anti-cancer and anti-proliferative activities in animal models and in cell culture (3) (4) (5) (6) . JU induced apoptosis in human gastric cancer and melanoma cells via mitochondrial dysfunction (3, 4) . JU and PL inhibited azoxymethane-induced intestinal carcinogenesis in rats (5) . PL inhibits 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced cell invasion and migration in A549 human lung cancer cells (6) . PL induced apoptosis via ROS generation and depletion of intracellular GSH in human prostate cancer cells (7) . PL has also been shown to induce cell cycle arrest in human lung and breast cancer cells (8) (9) (10) . Naphthazarin (Naph, 5,8-dihydroxy-1,4-naphthoquinone) is a naturally occurring organic compound. It was also found to induce intracellular oxidative stress in hepatocytes (11) as well as to cause apoptotic cell death (12, 13) . Naph caused vascular dysfunction by impairment of endothelium-derived nitric oxide and increased superoxide anion generation (14) . However, Naph, which has structural similarity with JU and PL, has not been studied as an anti-cancer agent. In this study, we analyzed the cytotoxicity of Naph as well as its ability to induce oxidative stress in AGS gastric cancer cells. We also investigated the anti-cancer effect of Naph and assessed its potential as a chemotherapeutic agent against gastric cancer.
Materials and methods
Cell culture and cell viability assay. AGS (human gastric cancer cells) cells were obtained from American Type Culture Collection (Manassas, VA) and maintained in DMEM medium (Hyclone, UT) in a humidified atmosphere of 37˚C with 5% CO 2 . DMEM supplemented with 10% heat-inactivated fetal bovine serum (FBS, Hyclone), 5% antibiotic-antimycotic (Gibco, Carlsbad, CA). The cell viability assay was seeded in a 6-well plate (3x10 5 cells), and incubated at 37˚C in a 5% CO 2 The following day the membranes were washed for 10 min, 4 times each, and incubated with the secondary antibody: polyclonal anti-rabbit antibody (1:5000, Invitrogen, Carlsbad, CA) or monoclonal anti-mouse antibody (1:5000, Invitrogen). Antigen-antibody complexes were detected by the enhanced chemiluminescence detection system.
ROS generation.
Cells were seeded at a density of 3x10 5 cells in a 6-well plate, and incubated at 37˚C for 24 h in a 5% CO 2 incubator. The cells were treated with various concentration of Naph and the plate was incubated in incubator. After 30 min, media were removed and the cells were washed 3 times with PBS and treated 25 µM carboxy-H 2 DCFDA containing serumfree media. The plate was washed gently 5 times with PBS and 1 µl Hoechst 33342 was added. The stained cells were observed under Nikon Eclipse microscope (Nikon, Tokyo, Japan) with a FITC filter.
DNA damage assay. The DNA damage assay was carried out using the OxiSelect™ Comet Assay Kit (Cell Biolabs, San Diego, CA). Cells were seeded in 6-well plates and treated with various concentrations of Naph for 24 h. The cells were harvest and then washed with PBS. The cell suspension (1x10 5 ) was mixed with low melting point agarose (1:10 ratio) and then 75 µl of suspension was pipetted on the comet slide. The slides were incubated at 4˚C for 30 min and the immersed in the lysis buffer for 30 min. Lysis buffer was aspirated from the slide and immersed in alkaline solution for 30 min. Slides were placed in a horizontal electrophoresis chamber and electrophoresed with TAE buffer at 25 V for 20 min. Slides were dried and stained with DNA dye. Comet tails were imaged using fluorescent microscope (Nikon, Tokyo, Japan).
Flow cytometric analysis. The cell cycle analysis was measured with propidium iodine (PI). Cells were trypsinized, washed with PBS, and fixed in 75% ethanol at 4˚C overnight. Prior to analyses, cells were washed again with PBS, suspended in cold PI solution, and incubated at room temperature for 30 min in the dark. Flow cytometry analysis was performed on a FACScan (BD FACSAria TM , BD Biosciences, San Jose, CA). The Annexin-V analysis was carried out using the PE Annexin V Apoptosis Detection kit (BD Biosciences). After the treatment, medium containing Naph was removed, cells were washed in cold PBS and then resuspended cells in 1X binding buffer at a concentration of 1x10 6 cells/ml. The cells were stained with PE annexin V and 7-amino-actinomycin (7-AAD) and incubated at room temperature for 30 min. The cells were suspended before flow cytometry analysis. 
Results

Effect of naphthazarin on AGS gastric cancer cell viability and proliferation. AGS gastric cancer cells were treated with PL and
Naph at the indicated concentration for 24 h, and then a cell viability assay was performed using MTS assay. While no cytotoxicity in the cells was measured in the presence of PL at 1 µM, the other concentrations of 2.5 and 5 µM showed 10 and 30% cytotoxicity, respectively. In contrast, Naph demonstrated cytotoxicity in cells at 1 µM and strongly decreased cell viability by 40, 55 and 90% at 1, 2.5 and 5 µM, respectively (Fig. 1A) . These data showed that Naph was more cytotoxic than PL, indicating that Naph may have a better anti-cancer effect on AGS gastric cancer cells. Based on the dose-response study, it appeared that the cytotoxicity of Naph occurred primarily at a concentration between 0.5 and 1 µM. Thus, we selected 0.7 µM of Naph for a proliferation study. When cells were treated with 0.7 µM Naph for 24, 48 and 72 h, cell proliferation was significantly inhibited in time-dependent manner (Fig. 1B) . In addition, we analyzed whether Naph induced morphological changes of AGS cells using light microscopy ( Fig. 1C upper panel) and DAPI staining (Fig. 1C lower panel) . AGS cells typically have a fibroblastic and flattened appearance, but cells treated with Naph were observed to have morphological changes indicative of apoptosis, including cell shrinkage. The number of DAPI-stained AGS cells was significantly reduced with Naph treatment.
Naphthazarin induces AGS cell death. Next, we investigated whether cells with abnormal DNA content were apoptotic using Annexin V/7-AAD staining kit (BD Bioscience). As shown in Fig. 2A , the predominant effect of Naph was observed in Quadrant 2 (Annexin V + /7-AAD + , late apoptosis) or Quadrant 1 (Annexin V -/7-AAD + , necrosis). Treatment with 0, 0.7 and 1.5 µM of Naph for 24 h increased the late apoptotic cell numbers to 0, 6.7±1.9 and 16.7±3.69%, respectively and the necrotic cells to 0, 5.5±1.91, 11.7±1.55%, respectively. Early apoptotic cells (Quadrant 4, Annexin V + / 7-AAD -) were 2.1% of total population in control, whereas treatment with Naph at 0.7 and 1.5 µM increased apoptotic cell number to 6.0±1.58 and 7.0±3.18%, respectively. To confirm that Naph induced apoptosis, we also examined the expression levels of apoptosis-related proteins such as the cleavage of PARP and caspase-3 as well as Bax, Bcl-xL and γ-H2AX by Western blot analysis after Naph treatment for 24 h (Fig. 2B) . As a result, Naph caused the activation of cleaved caspase-3 and subsequently the cleavage of PARP in AGS cells in a dose-dependent manner. Expression of γ-H2AX, which promotes DNA repair and maintains genomic stability (15) , was also induced by Naph, but the expression of Bax and Bcl-xL was not altered by Naph. These results indicated that Naph may induce apoptosis in AGS cells.
Effect of naphthazarin on cell cycle arrest in AGS cells.
Cell proliferation and apoptosis are associated with cell cycle progression (16) . Naph induced dose-dependent inhibition of cell growth and significant apoptosis at the indicated doses in AGS cells. These results implied that Naph may affect the cell cycle. , apoptosis-or cell cycle arrest-related genes expression (B) and DNA fragmentation (C). Cells were pre-treated with GSH (1 mM) for 30 min, and then 1.5 µΜ of naphthazarin was added. One representative result is shown from three independent experiments that yielded similar results.
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As shown in Fig. 3A , changes of the cell cycle profile induced by Naph were analyzed using flow cytometer. Cells were harvested 24 h after Naph treatment (0, 0.7 and 1.5 µM) and stained with propidium iodide (PI) for the distribution of sub-G1, G1, S and G2/M phases of the cell cycle. Treatment with 0.7 and 1.5 µM of Naph induced G2/M phage arrest and cell death determined by the Sub-G1 population. Cycline B1, Cdc2 and Cdc25C are related to cell cycle arrest (17, 18) . Thus, we evaluated the effect of Naph on regulation of their protein expression. G2/M phase arrest by Naph was accompanied by a decrease in Cdc2 and Cdc25C in AGS cells (Fig. 3B) , while cycline B1 was not changed. These results suggested that Naph may induce DNA damage, resulting in cell cycle arrest at G2/M by decreasing Cdc2 and Cdc25C expression in AGS cells.
GSH abolishes the effect of naphthazarin on apoptosis and cell cycle arrest in AGS cells.
Oxidative stress causes cellular injury, which may induce cell cycle arrest and apoptosis (11) . Thus, we investigated whether Naph induced ROS generation in the cells. AGS cells were treated Naph with at 0, 0.7 and 1.5 µM for 30 min and ROS generation was measured using DCFDA dye. Fig. 4A shows that ROS generation was increased by Naph treatment, but that the generated ROS were abolished in the presence of GSH. In addition, we confirmed whether the effect of Naph on apoptosis and cell cycle arrest in AGS cells occurred in the presence of GSH. Cells were pretreated with GSH for 30 min, subsequently exposed to Naph and then the expression of apoptosis-related proteins (cleaved PARP and caspase-3 and γ-H2AX) and cell cycle related proteins (Cdc25C) was assessed (Fig. 4B) . Cleaved PARP and caspase-3 and induced γ-H2AX in AGS cells treated with Naph was abolished with GSH pretreatment. Further, the decreased Cdc25c expression recovered to control levels. These results indicated that the cytotoxic effect of Naph may be caused by ROS.
Discussion
In this study, we have demonstrated the anti-cancer effect of Naph by inducing AGS cell apoptosis and inhibiting cell proliferation as well as investigated the mechanisms of these effects. We used 0.7 and 1.5 µM of Naph as the effective doses because the IC 50 of Naph was at 2.5 µM and concentrations <5 µM was sub-lethal for 24-h treatment in AGS cells. Our results showed that Naph inhibited cancer cell viability and proliferation in AGS cells. DAPI staining, cell sorting and annexin V/7-AAD staining suggested that the predominant effect of Naph on gastric cancer cell viability may be due to induction of apoptosis in AGS cells. The increase in apoptosis-related gene expression by Naph was also confirmed in these cells. These findings indicated that Naph could effectively suppress AGS cell viability and proliferation. Moreover, it was clear that the anti-cancer effect of Naph is likely to be via induction of apoptosis and cell cycle arrest. Apoptosis (programmed cell death) is the process of eukaryotic cell death, which is characterized by cell shrinkage, DNA fragmentation and apoptotic bodies (19) . Our data also showed that Naph induced apoptosis by increasing DNA fragmentation, nuclear condensation, and cell morphological changes by DAPI staining. In the process of apoptosis, caspases have been reported to be activated via both the extrinsic and intrinsic cell death pathways (20, 21) . In particular, the activation of caspase-3 is commonly involved in the apoptosis process in various cell types. During apoptosis, caspase-3 cleaves PARP, suppressing PARP activity (22, 23) . In this study, we observed that Naph induced apoptosis of AGS cells by increasing expression of the cleaved caspase-3 and PARP, thereby implying that induction of apoptosis by Naph may be a contributing factor in the suppression of tumor growth.
The effect of candidate compounds on cell cycle arrest in cancer cells is another approach to test a candidate for its efficiency in cancer prevention and treatment. In this study, we observed that Naph significantly suppressed AGS cell proliferation in a time-and dose-dependent manner. Cyclin B1, Cdc2 and Cdc25C have been shown to play an important role in cell cycle progression from S to G2/M phases (17, 18) . Our data showed that Cdc2 and Cdc25C were down-regulated in a dose-dependent manner after Naph treatment and these alterations were consistent with induction of G2/M arrest. Therefore, alterations of Cdc2 and Cdc25C might be correlated with Naph-induced G2 arrest and finally lead to inhibition of cell proliferation in AGS cells.
The mechanisms underlying the cytotoxicity of naphthaquinone as electron transfer agents is accepted i.e., their reactive species generation and electrophilicity (24, 25) . During redox cycling, naphthaquinone generates superoxide anion (O 2 • ) and hydrogen peroxide (H 2 O 2 ) by NADPH-cytochrome P450 reductase. The electrophilic naphthaquinone is capable of reacting with the thiol group of proteins and GSH (26) . These two mechanisms may thereby have been associated with naphthaquinone-induced cytotoxicity and oxidative stress. Owing to their cytotoxicity, naphthaquinone and its derivatives have been investigated as model compounds for the development of anti-cancer drugs acting on target cells both by the generation of reactive metabolites and by directly interfering with cellular enzymes crucial for cell proliferation (3) (4) (5) . We also found that the decreased cell viability and proliferation mediated by Naph correlated with ROS-dependent apoptosis induction. This conclusion is supported by our observations that Naph caused ROS generation in a dose-dependent manner and increased apoptosis-related gene expression. In addition, the cytotoxicity of Naph was significantly attenuated in the presence of GSH, suggesting oxidative stress as a possible mechanism for its effect.
In conclusion, our findings showed that Naph inhibited cell proliferation and induced apoptosis in parallel with increased oxidative stress. These findings lead us to believe that Naph may be a potential candidate as an anti-cancer drug. However, there are still further studies needed to investigate other mechanisms of action such as angiogenesis, invasion and migration.
